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INTRODUCTION 
Porosity, introduced in composites during fabrication, takes the fonn of dispersed or 
discrete elongated voids, usually at the fiber-matrix interface. During subsequent loading, 
these voids act as nuclei of further damage growth resulting in strength degradation. 
Hence, it is important to determine the void content after fabrication. 
Since ultrasonic waves are scattered by these voids, the void volume ratio can be 
directly correlated with material attenuation. However, the measurement of attenuation 
coefficient for a thick composite is difficult because of high signal loss. 
Special techniques utilizing a pair of transducers in a combination of pulse-echo and 
through-transmission modes were successfully developed. Methods for detennination of 
material attenuation were discussed in two categories: direct or absolute methods for 
materials with low signal loss; and indirect or relative methods for materials with higher 
signal loss. In all cases, transfer functions of the transducers and specimen surfaces were 
taken into consideration so that the measurement system is self-calibrated. 
EXPERIMENTAL PROCEDURE 
The material investigated was a unidirectional 20-ply graphite/epoxy composite 
laminate (AS4/3501-6). It was obtained in prepreg fonn and was fabricated into samples 
with varying porosity between 0 and 11 % by controlling the vacuum during the curing 
process. 
Material attenuation was measured by a pair of aligned broadband ultrasonic 
transducers immersed in water. These transducers of 5 MHz nominal frequency were ex-
cited by a high-energy spike pulser and the signals were acquired by a high-speed digital 
oscilloscope operating at 200 MHz (5ns sampling rate) and analyzed by a micro-computer. 
Following the attenuation measurements, the sample was prepared for microscopic 
examination by sectioning, mounting and polishing processes. Cross-sections of the 
specimen were examined under the optical microscope with a magnification of lOOX. 
Repeating measurements at various locations provided an average value of reasonable ac-
curacy for determination of void volume content. 
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Fig. 1. Schematic of system response. 
SYSlEM RESPONSE 
Figure 1 illustrates the model of system response used to determine material attenua-
tion. Two transducers of sensitivity sand s* are aligned and operated in pulse-echo and 
through-transmission modes across an interface between two media. The reflected and 
transmitted signals are expressed as the convolutions of the initial amplitude (ao), 
material responses (qvq2), interface responses (r12h2), and transducer sensitivities (s,s*): 
ret) = ao(t) * qlC't) * r12('t) * qlC't) * s('t) 
t('t) = ao('t) * ql('t) * td't) * q2('t) * s'('t) (1) 
in the time domain, where r12 and t12 in particular are the reflection and transmission 
coefficients at the interface, respectively. They can be expressed in the frequency domain 
as 
R(ro) = Ao(ro) Q~(ro) Rdro) S(ro) 
T(ro) = AoCro) QICro) Tdro) Q2Cro) S'Cro) 
where the capital letters denote the Fourier transforms or the transfer functions of the 
time domain terms, defined in general as 
Fero) = f ~ rC't) exp(-jro't) d't 
DIRECT (ABSOLUlE) METHODS 
(2) 
(3) 
When the signal loss is relatively low, absolute attenuation may be obtained directly 
by analyzing multiple echos or by a combination of pulse-echo and through-transmission 
techniques. 
Multiple-Echo Technique 
This technique can be used for materials with very low signal loss where one can ob-
tain three reflections from the specimen: one front surface reflection and two consecutive 
reflections from the backface. Figure 2(a) shows the setup for this technique. Reflected 
signals for both transducers are expressed as: 
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Rl = S Ao Q~ R12 
R2 = S Ao Q~ Q~ T12 T21 R23 
Ra = S Ao Q~ Q~ T12 T21 R~3 R21 
Ri = S'A~ Q~ R32 
R; = S'A~ Q~ Q~ T32 T23 R21 
R; = S'A~ Q~ Q~ T32 T23 R~l R23 
(4) 
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Fig. 2 Schematic of direct methods. (a) multiple echo and (b) combined pulse-
echo/through-transmission technique. 
The transmitting and reflecting characteristics of the surfaces are treated separately 
in eqs. (4) because they are not necessarily the same. However, it is assumed that the fol-
lowing rules hold true for any surface: 
RA = IR121 = IR211 
RB = IR23 1 = 1R321 
T12T21 = 1-R! 
T23T32 = 1-R~ 
Then, by taking the amplitude ratios of eqs. (4) 
(5) 
(6) 
Note that the transducer responses are cancelled and we have only 3 unknowns (Qc' 
RA , RB) with 3 equations, hence one can solve the equations for the amplitude attenua-
tion in the composite specimen: 
(7) 
Then, the material attenuation coefficient is obtained in decibels per unit length from 
the definition: 
20 
cx=-T1ogQc 
where h is the specimen thickness. 
(8) 
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Combined Pulse-Echo and Through-Transmission Technique 
Sometimes, it is not possible to obtain all three multiple echos when the material 
contains more porosity. However, if two consecutive echos from the front and back sur-
faces and a single transmitted signal are available, material attenuation can still be 
measured directly. Figure 2(b) illustrates the setup for this technique. While the 
reflected signals are the same as in eqs. (4), the transmitted signals are expressed as 
T = S*Ao Ql Q3 Qc T12 T 23 
T* = S A~Q3 Ql QcT 32 T21 
Then, the amplitude ratios are 
Solving eqs. (10) with the relationships of eqs. (5), we obtain 
INDIRECT (RELATIVE) METHODS 
(9) 
(10) 
(11) 
When the signal loss becomes bigger, it is not easy to determine the material attenua-
tion directly because we do not have enough information. The following schemes are 
proposed to handle this situation. For all of these indirect methods, a reference sample, 
which provides sufficient information for direct measurement, is required. In a case 
when the sample contains varying porosity so that one can find a location where the 
direct attenuation measurement is possible, the signal at that location can be taken as the 
reference. 
This reference attenuation (Uref) is used to obtain the absolute attenuation coefficient 
of the sample at the point from the relationship 
20 
a = «ref - h log T\ (12) 
where T\ is the measured relative attenuation of the sample with respect to the reference: 
(13) 
Single Through-Transmission 
This is the simplest of the indirect methods. Only the single transmitted signals are 
recorded for both sample and reference as shown in Fig. 3(a). They are: 
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T = S'Ao Ql Q3 Qc T 12T 23 
T ref = S' Ao Ql Q3 (Qc)ref T12 T 23 
Then, the relative attenuation is written in tenns of transmitted signals: 
T 11=-Tref 
Double Through-Transmission 
(14) 
(15) 
The same setup used in single through-transmission is used here, except that trans-
mitted signals are recorded in both directions (Fig. 3(b)), i.e., in addition to eqs. (13) we 
have the relationships: 
T =SA~ Ql Q3 Qc T32 T21 
Tref = S A~ Ql Q3 (Qc)ref T32 T21 
then the relative attenuation is 
Note that this is the geometric mean of the relative attenuations obtained by the 
single through-transmission technique for both sides of the sample. 
Combined Reflection and Transmission Technigue 
(16) 
(17) 
It is always possible to acquire the front surface reflection regardless of the amount 
of porosity in the specimen. The major difference between this and the other indirect 
methods is that the reflecting characteristics of the surfaces are also taken into considera-
tion in the analysis as shown in Fig. 3(c). From eqs. (4) and (9) the ratio 
T T = T12 T21 T32 T 23 Q2 =KQ2 
Rl Ri R12 R 32 c c (18) 
is obtained for the sample. Assuming that the characteristics of each surface are unifonn, 
the constant K remains the same for both sample and reference point and is cancelled in 
the calculation of the relative attenuation: 
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Fig. 3 Schematic of indirect methods. (a) single through-transmission, (b) double through-
transmission, and (c) combined reflection and transmission technique. 
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(19) 
POROSITY MEASUREMENT 
The void volume ratio (Vv) was measured by an image processing technique based 
on thresholding. As seen in Fig. 4(a), a typical photomicrograph of the specimen cross 
section contains three major intensities: bright (fiber), grayish (matrix) and dark 
(porosity). The digitized image function f(x,y) of the specimen taken from the 
photomicrograph is thresholded into a bi-Ievel image for a given threshold value L: 
g(x,y) = { ~ if f(x,y) < L if f(x,y) ~ L 
... 
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Fig. 4 Photomicrographs of specimen section at point of 3.8% porosity. (a) as-obtained 
image and (b) thresholded image. 
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The output image g(x.y) consists of only two gray scales representing areas of 
porosity and the rest. Thresholded pixels for porosity are counted over the entire image 
and then the void volume ratio is determined as the ratio of the number of thresholded 
pixels and the size of the image: 
V = Number ofthresholded pixels 
v Total number of pixels (21) 
When the histogram of the input image is trimodal showing three major intensities, 
it is obvious that a gray value corresponding to a point located between the hills in the 
histogram should be taken as a threshold value. However, it is sometimes difficult to set 
the threshold from the histogram especially when it is not clearly trimodal. In this case, 
the value can be determined by comparing the thresholded image and the original 
photomicrograph, since it is easy to distinguish between porosity and matrix from the 
microscopic examination. Although this technique is somewhat subjective and depends 
on the opemtor, it is still easier and may be more accurate than other available techniques 
such as acid digestion method. 
RESULTS AND CONCLUSIONS 
Four different locations of the sample (of 1.5, 3.8,4.8 and 11.2% void volume 
ratios) were selected for quantitative nondestructive measurements. It was possible to 
measure material attenuation at a location of low porosity content and compare the values 
obtained from direct and indirect methods described previously. Since porosity takes the 
form of elongated voids randomly distributed and not usually symmetric with respect to 
the plane of wave propagation, the attenuation measurement depends on the direction of 
wave propagation. Thus, the measured values of attenuation could be different for dif-
ferent methods depending on the porosity orientation and distribution. However, these 
errors were, in general, small compared to the large variation in attenuation due to degree 
of porosity. Figure 5 shows the variation of measured material attenuation with frequen-
cy for various void contents. 
Fourier transformation of time-domain data was performed and material attenuation 
was obtained for various values of porosity as a function of frequency. Porosity was 
measured destructively by employing enhanced image processing of photomicrographs of 
specimen sections. A good quantitative correlation was established between porosity and 
material attenuation. 
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Fig. 5 Variation of material attenuation with frequency for various values of porosity. 
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Fig. 6 Correlation of porosity and material attenuation at 5 MHz frequency. 
In order to quantify the correlation of porosity and material attenuation, it is neces-
sary to choose a single frequency component. The void volume ratio was plotted versus 
attenuation for a fixed frequency of 5 MHz as shown in Fig. 6. One can observe from 
the plot that the material attenuation increases as void volume ratio becomes higher in a 
slightly non-linear fashion. The degree of this correlation varies for different frequencies 
and is probably more sensitive for higher frequency components as seen in Fig. 5. 
The methods developed here for direct and indirect measurement of ultrasonic at-
tenuation compensate for differences between transducer systems and 
reflection/transmission characteristics of the two surfaces of the specimen. 
Validation of these methods may be limited to the specimens of intermediate thick-
ness because the wave propagation in composite materials tends to be dispersive. 
Therefore, a correction scheme that handles the dispersion may be required for a thicker 
composite. 
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